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The Diaphanous-related formins are effectors for
Rho GTPases. Two recent reports have unveiled pre-
viously unappreciated activities of Drf3 (mDia2), elic-
iting cytoskeletal rearrangements at the behest of
Cdc42, and of DRF2 (hDia2C), regulating endosome
dynamics for RhoD.
Formins were first recognised as a family of related
proteins because of the presence of two conserved
formin homology domains (FH1 and FH2) in the
Drosophila melanogaster Diaphanous protein, mouse
limb deformity protein and Saccharomyces cerevisiae
Bni1p [1]. Diaphanous-related formins (Drfs) are a sub-
family marked by two additional functional domains;
an amino-terminal Rho GTPase-binding domain (GBD)
and a carboxy-terminal Diaphanous autoregulatory
domain (DAD) [2]. The GBD domain, which allows Drf
proteins to act as effectors for Rho GTPases, was
defined in Drf3 (also called mDia2) as the region
encompassing amino acids 47–257, which permitted
interactions with RhoA and Cdc42 by yeast two-hybrid
analysis [3]. The prevailing model of Drf activation is
that Rho proteins bind to the GBD and consequently
disrupt the autoinhibitory interactions between the
GBD and DAD: experimentally, Drf activation can be
achieved by deletion of the GBD or by overexpression
of the DAD [2]. In theory, the relief of DAD-mediated
autoinhibition allows Drfs to adopt a conformation that
permits interactions with components of the cellular
machinery that regulate actin and microtubule remod-
elling (Figure 1). Two recent papers [4,5] have
explored the cellular functions of two Drf proteins and
describe roles for these proteins in the regulation of
the cytoskeleton and endosome motility.
Overexpression of amino-terminally deleted, active
Drf3 in fibroblasts results in activation of the serum-
response factor [6] and the formation of actin stress
fibres [6] and stable detyrosinated microtubules [7], all
RhoA-induced responses and consistent with RhoA
binding to the GBD (although note that RhoB and
RhoC also can bind the GBD) [3,8]. However, overex-
pression studies can be deceptive (but let those
without sin cast the first stone) and may obscure bio-
logically important functions. A recent paper pub-
lished in Current Biology by Peng et al. [4] describes
how genetic disruption of Drf1 (Drf1/mDia1) exposed
a previously unappreciated role of Drf3 as an effector
for Cdc42. Although biochemical characterisation had
revealed that Drf3 will bind active Cdc42 [3] (and the
S. cerevisiae Drf Bni1p was also shown to bind Cdc42
[9]), the biological significance of this interaction in
mammalian cells was unknown. Drf1 deletion led to a
compensatory elevation of Drf3 in embryoid-body-
derived cell lines, which resulted in increased filopo-
dia, microspikes and lamellipodia, typical actin
cytoskeletal responses induced by Cdc42 [10,11].
Microinjection of a neutralising anti-Drf3 antibody, or
expression of an interfering Drf3 mutant, blocked
Cdc42-induced actin remodelling. Fluorescence reso-
nance energy transfer (FRET) experiments confirmed
that Drf3 and an active Cdc42 mutant interacted in
vivo and that Drf3 binding to wild-type Cdc42 in
polarised motile fibroblasts occurred predominantly at
the leading edge. These experiments substantiate the
conclusion that Drf3 is a physiologically relevant effec-
tor of Cdc42.
Given the apparent function of Drf3 as a Cdc42
effector, the GBD was scrutinised for a Cdc42-binding
region. In fact, Drf3 contains a well conserved CRIB
motif, a domain famous for its Cdc42 binding ability
[12]. There is little homology in the corresponding
region of Drf1, consistent with the inability of this Drf
to bind Cdc42 [13]. Mutation of a highly conserved
histidine residue within the CRIB domain to aspartic
acid blocked Cdc42 binding without affecting Rho
binding in yeast two-hybrid assays, and inhibited
Cdc42 interaction with Drf3 in vivo as determined by
FRET. Thus, the GBD allows Drf3 to alternate as an
effector in Rho- or Cdc42-responsive signalling path-
ways (Figure 1A).
Further complexity in Drf functions was recently
brought to light in a report by Gasman et al. [5]. In an
attempt to identify an effector protein that might
mediate the actions of the RhoD GTPase on early
endosome motility and distribution [14], a splice variant
of human DRF2 (designated hDia2C, which somewhat
confusingly is the human homologue of mDia3 and not
mDia2) was isolated from a HeLa cell cDNA library by
yeast two-hybrid methods. Although splice variants of
human DRF2 that change the amino acids at the
extreme carboxyl terminus after residue 1080 or alter
3’ untranslated sequences (generating four possible
combinations) had previously been described, the
splice variant that bound RhoD was novel. The hDia2C
form has two apparently independent changes within
the GBD — an alternative splicing event that results in
the deletion of amino acids 43–53 and the alteration of
residues 54 and 55 from Asp–Val to Lys–Leu, and an
additional alternative splice resulting in the insertion of
six amino acids after residue 148 (Figure 2). Active
RhoD was able to recruit full-length hDia2C from the
cytoplasm to early endosomes where it co-localised
with transferrin and Rab5. The ability of RhoD to
decrease the number, velocity and track length of
motile endosomes could be recapitulated by an amino-
terminally deleted, active DRF2 (Figure 1B). Moreover,
the ability of RhoD to induce these effects was
reduced by the specific RNAi-mediated knockdown of
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the hDia2C isoform. These data indicate that DRF2 can
function as an effector for RhoD.
With multiple potential binding partners (Figure 1),
how do Drf proteins know what to do? Although it has
not been directly demonstrated, RhoA or Cdc42
binding to the typical GBD is likely to be mutually exclu-
sive. Therefore, the relative levels of active RhoA or
Cdc42 determine which GTPase will recruit Drf3. The
spatial site to which Drf3 is recruited and the cell sig-
nalling context (for example, the presence or absence
of active ROCK to bundle actin filaments into stress
fibres [6,15,16]) determines whether the outcome is the
generation of actin stress fibres or filopodia and
microspikes. The ability of RhoD to recruit the hDia2C
variant would not be in competition with RhoA or
Cdc42, although it remains a possibility that other Rho
GTPases or even other signalling proteins interact with
the alternative hDia2C GBD. Recruitment to early endo-
somes by RhoD would promote the interaction of the
vesicles with the actin cytoskeleton and thereby influ-
ence motility. It should be noted that RhoB, which is
localised on endosomes [17], binds to Drf3 [8], sug-
gesting that regulation of endosome dynamics is a
common function of both DRF2 and Drf3.
One curiosity arising from these studies is the ability
of the GBD-less Drf proteins to apparently act as  effec-
tors for RhoA [6], Cdc42 [4] or RhoD [5] without a Rho
GTPase partner to impose specificity. To some extent,
these results lead back to the pitfalls of overexpression
studies. GBD-less Drf proteins probably act as effec-
tors in all three signalling pathways, however, two
factors influence the perceived outcome: the cell sig-
nalling environment (such as the presence or absence
of active ROCK) and the focus of the observer’s gaze.
Nevertheless, overexpression of the GBD-less Drf pro-
teins reveals an important detail — interaction with the
GTPase does not determine intracellular localisation.
The truncated DRF2 and Drf3 were found on endo-
somes [5,6] and Drf3 was also at the base of actin
microspikes [4], indicating that other functional
domains, which are normally exposed following inter-
action with a GTPase but are uncovered by the GBD
deletion, determine protein localisation. Therefore,
interaction with an active Rho GTPase initially recruits
and activates Drf proteins at specific sites, then asso-
ciation of the active Drf with additional factors, such as
those found at sites of actin polymerisation or elonga-
tion, tethers the protein to the appropriate location.
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Figure 1. Biological functions of DRF2
(Dia2C) and Drf3 are specified by Rho
GTPase binding.
Drf proteins exists in a closed inactive
conformation. Upon association of the
Rho GTPase-binding domain (GBD,
green) with an active Rho GTPase, the
inhibitory association between the GBD
and Diaphanous autoregulatory domain
(DAD, red) is lost, allowing the Drf to
adopt an active conformation. Formin
homology region 1 (FH1, blue) and formin
homology region 2 (FH2, orange) are con-
served within the formin protein family.
Once active, the Drf contributes to actin
remodelling at intracellular sites where the
protein was recruited by the particular
Rho GTPase.
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Figure 2. Alternative splicing generates a variant form of DRF2
called hDia2C.
Two alternative splicing events change the GBD of DRF2 gen-
erating a variant form of the protein called hDia2C and chang-
ing the specificity from binding RhoA and Cdc42 to being
selective for RhoD [5]. One splice removes 10 amino acids
between residues 43 and 53 (light blue) and changes 2 amino
acids (residues Asp and Val at 54 and 55 become Lys and Leu
at 43 and 44, dark blue). The second splice inserts 6 amino
acids (yellow) after residue 148 of Drf3. The CRIB domain iden-
tified by Peng et al. [4] is coloured purple.
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In summary, additional signalling pathways con-
verging on Drf proteins as critical effectors have been
revealed. Future challenges include determining how
Drf proteins contribute to actin filament remodelling
and consequently to endosome and cell motility. Our
understanding of Drf functions has been somewhat
opaque, but recent progress has made some addi-
tional roles of these proteins transparently clear.
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